A series of non-equiatomic Al-Co-Cr-Fe-Nb-Ni high-entropy alloys, with varying levels of Co, Nb and Fe, were investigated in an effort to obtain microstructures similar to conventional Ni-based superalloys. Elevated levels of Co were observed to significantly decrease the solvus temperature of the c¢ precipitates. Both Nb and Co in excessive concentrations promoted the formation of Laves and NiAl phases that formed either during solidification and remained undissolved during homogenization or upon high-temperature aging. Lowering the content of Nb, Co, or Fe prevented the formation of the eutectic type Laves. In addition, lowering the Co content resulted in a higher number density and volume fraction of the c¢ precipitates, while increasing the Fe content led to the destabilization of the c¢ precipitates. Various aging treatments were performed which led to different size distributions of the strengthening phase. Results from the microstructural characterization and hardness property assessments of these high-entropy alloys were compared to a commercial, high-strength Ni-based superalloy RR1000. Potentially, precipitation-strengthened high-entropy alloys could find applications replacing Ni-based superalloys as structural materials in power generation applications.
I. INTRODUCTION
NOVEL structural materials intended for use in power generation applications are continuously being developed and evaluated in an effort to lower their weight and cost for given performance requirements, and ultimately improve their efficiency. From advanced high-strength steels in service in power plants to Ni-based superalloys in turbine engines, the design of an optimal alloy begins with the selection of a principal, or a base, element, such as Fe or Ni, to which other property improving elements are added in significantly lower concentrations. In the past, this design process led to the development of alloys with targeted properties and microstructures in order to meet the demanding design requirements while limiting their weight and cost. In recent years, a novel class of multicomponent alloys, often referred to as high-entropy alloys (HEAs) or compositionally complex alloys (CCAs), has been developed based on the design strategy of high configurational entropy. [1] Essentially, they rely on the formation of a single solid-solution phase with multiple alloying additions at near-equimolar ratios. [2] Therefore, unlike Fe, Ni, or Co-based alloys that contain one primary base element, at least five principal elements, with concentrations between 5 and 35 at. pct, [3] are added to these alloy systems, giving rise to high entropies of mixing. [4] The presence of elements in high concentrations leads to a complex distribution of atoms within the crystal structure and yields unique properties, whenever the HEAs can be stabilized in a single solid-solution phase. The distortion in the crystal lattice that results from the differences in atomic radii of the various elemental additions has been reported to impede dislocation motion and reduce the rate of substitutional diffusion which can be beneficial to high-temperature applications. [5, 6] Consequently, HEAs have been reported to present interesting combinations of thermal-mechanical properties such as high-temperature strength, [7] fatigue resistance, [8] and oxidation and corrosion resistance, [9, 10] as well as thermophysical and electrical properties. [11] One of the major challenges encountered during the fabrication of high-entropy alloys is that complete homogenization of cast alloys is difficult to attain as residual segregation tends to leave a remnant dendritic structure or unwanted secondary phases. [12, 13] In a number of investigations, the persistent dendritic structure formed during non-consumable arc-melting. This method is widely used in laboratory-scale studies and often results in non-uniform melting of the button-shaped ingots. However, investigations of common HEAs revealed the benefits of manufacturing using vacuum induction melting which resulted in the complete dissolution of unwanted phases as well as in a uniform and refined grain size, despite the absence of secondary phases to pin the grain boundaries. [13] Therefore, HEAs can potentially be manufactured into components that exhibit a single, solid-solution phase and fine grain polycrystalline microstructure.
As promising candidate materials that may eventually replace select grades of Ni-based superalloys in power generation applications, the microstructure of HEAs can be controlled and targeted to high-temperature applications. Although a single solid-solution phase is attractive due to the high-temperature properties of a stable high-entropy configuration and may exhibit excellent high-temperature strength and ductility, it is often limited in creep and environmental resistance. Conversely, formation of a coherent, intermetallic precipitate phase while maintaining a medium to high entropy of the matrix may potentially combine the desirable properties of single phase HEAs with a potent degree of precipitation strengthening. Experimentally, however, the matrix will most likely possess a lower entropy compared to a single phase equivalent alloy due to the formation of secondary phases which reduce the concentration of certain elements in the matrix. Thus, employing design guidelines and strategies gained from experiences with Ni-based superalloys, the development of precipitation-strengthened HEAs may be more appropriate for exploitation in high-performance engineering applications. Over the last few years, many researchers conducted investigations aimed at understanding the secondary precipitate phase formation in a number of well-established HEA systems. [14, 15] Various HEAs were designed to be precipitate strengthened such as FeCoNiCr using additions of Ti and Al [16, 17] and CrFeCoNiCu with Al additions [18] to form nano-sized L1 2 precipitates. Those configurations are attractive when coupled with the sluggish kinetics of diffusion associated with HEAs suggesting that the precipitates would be more stable. [19] However, a recent investigation by Jones et al. [20] revealed that the diffusion kinetics in Al 0.5 CrFeCoNiCu are not significantly slower than expected. Moreover, while thermodynamic predictions using the CALPHAD (CALculation of PHase Diagrams) method are an essential means to design novel materials, the databases may or may not be reliable due to the lack of thermodynamic data on compositions far from those used to populate the database. This has been observed in a number of investigations and complicates the development of precipitate-strengthened HEAs. [21] [22] [23] Nevertheless, the use of such thermodynamic databases can aid in selecting candidate alloys in efforts to improve the stability of the microstructure and enhance the mechanical properties. [24] The precipitation of the c¢ strengthening phase in HEAs and the design of high-entropy superalloys are novel topics, [25, 26] and understanding the fundamental mechanisms governing their unusual behavior is of great interest to the scientific community. This investigation aims at studying the c¢ precipitate phase stability in a series of non-equiatomic Al-Co-Cr-Fe-Nb-Ni high-entropy alloys. Nb, a potent c¢ former, has also been shown to exhibit moderate residual solubility within the c matrix, which combined with its ability to provide potent levels of solid-solution strengthening for the c and c¢ phases, leads to higher overall strength and temperature capabilities. [27] The effect of varying the Nb, Co, and Fe content in a non-equiatomic Al-Co-CrFe-Nb-Ni system is discussed and the effectiveness of CALPHAD-based predictions is assessed. The preliminary microstructures and properties of these single phase, solid-solution and precipitate-strengthened HEAs were also investigated.
II. MATERIAL AND METHODS
A set of experimental, non-equiatomic, Al-Co-CrFe-Nb-Ni high-entropy alloys with varying levels of Co, Nb, and Fe were explored and the compositions are listed in Table I . For all of the alloys, the amount of Ni was balanced for the selected compositions. Alloy HEA20 is the baseline alloy that contains the highest Co and Nb content. Alloys HEA21 and HEA22 contain lower Nb concentrations when compared to HEA20, and both HEA23 and HEA24 have less Co than HEA20. The Fe content was doubled in the HEA5x set of alloys at the expense of Ni, as compared to the HEA2x compositions. Thermodynamic predictions were performed using Thermo-Calc [28] with the TTNi8 database as it predicted accurate phase formation. The common parameters used to describe the characteristic attributes of single phase high-entropy alloys and classify them as such were calculated for the alloys investigated in this study and consist of the enthalpy of mixing (DH mix ), the configurational entropy of mixing (DS mix ), the valence electron concentration (VEC), and the atomic size difference (d). [12, 29] The configurational enthalpy of mixing is defined in Eq. [1] :
where c i represents the atomic percent of the ith element taken from the EDS measurements and
mix is the mixing enthalpy of binary liquid AB [11, 26] taken from Reference 30. The configurational entropy of mixing is expressed in Eq. [2] :
where R is the gas constant. The VEC is defined in Eq. [3] :
where (VEC) i is the VEC of the ith element. Finally, the atomic size difference is expressed in Eq. [4] :
where r i represents the atomic radius of the ith element and r ¼ P n i¼1 c i r i .
All of the alloys were prepared from elemental metals with purity of 99.95 pct or greater and melted in a MRF ABJ-900 arc melter under an argon atmosphere. Prior to the melting of each of the alloys, the arc melter chamber was purged under vacuum to a pressure of 10 À3 mbar and backfilled with high purity argon (99.998 pct). The process was repeated three times prior to melting to ensure cleanliness of the arc melt ingots. Additionally, each ingot was melted and remelted up to six times to convectively mix and uniformly distribute the alloying additions throughout the ingot. The resulting arc-melted ingots all had final masses close to~100 g. Following melting, the ingots were homogenized under vacuum in a two-step heat treatment consisting of a 1 K/hour (1°C /h) ramp from 1423 K to 1473 K (1150°C to 1200°C) and a soaking at 1473 K (1200°C) for another 50 hours in a tube furnace and aged at 973 K, 1073 K, 1173 K, and 1273 K (700°C, 800°C, 900°C, or 1000°C, respectively) for 16 hours in a MTI KSL-1100X muffle furnace. Densities were determined via Archimedes principle on two pieces of each alloy and are reported in Table I .
Metallographic characterization was performed at each step of the alloys' fabrication process following sample preparation with a final polish using 0.6-lm colloidal silica and etching of the surfaces using a 33 pct HCl-33 pct HNO 3 -33 pct CH 3-COOH-1 pct HF c¢ etchant. Drops of the etchant were placed on the sample surface for 8 seconds at room temperature before cleaning with deionized water and isopropanol. Phase identification and composition measurements were conducted using a JEOL JSM 5900-LV scanning electron microscope (SEM) in backscatter electron (BE) mode and an Oxford Instruments X-Max energy dispersive spectrometer (EDS) connected to the SEM. The spot size was set to 42, working distance to 10 mm, and the accelerating voltage to 20 kV. Observation of precipitates within the microstructures was conducted using a JEOL JSM 6701-F field emission scanning electron microscope (FESEM) in secondary electron (SE) mode with an accelerating voltage of 10 kV. The c¢ sizes and volume fractions were subsequently quantified from the FESEM images using the image analysis software ImageJ. [31, 32] XRD analysis was run with two measurements per sample and performed on a Bruker D2 diffractometer with a Cu K-a tube, at an energy of 30 V and 10 A, for a 2h range of 5 to 130 deg and a step size of 0.02 deg with a 4-seconds dwell time. Data were then summed and Rietveld analysis was performed using GSAS II with crystallographic information files built with VESTA. [33, 34] A SETARAM SETSYS differential scanning calorimeter (DSC) was used to measure the solidus and liquidus temperatures of the alloys. Samples with an average mass on the order of 150 mg were sectioned from the mid-section of the heat-treated alloy and the DSC experiments were conducted under an argon atmosphere (99.998 pct) to minimize oxidation. The samples were heated up from 298 K to 973 K (25°C to 700°C) at 20 K/minutes (20°C/minutes) and allowed to equilibrate at temperature for 10 minutes prior to heating to 1723 K (1450°C) at 5 K/minutes (5°C/ minutes). The samples were again held at temperature for 10 minutes and cooled to room temperature at 25 K/ minutes (25°C/minutes). The solvus, solidus and liquidus temperatures were calculated using the slope intercept method and as only minor differences were observed between the heating and cooling curve temperature values, only the heating curve was used to determine these transition temperatures, reducing undercooling effects.
Finally, preliminary mechanical property assessment of the alloys was performed using the samples aged for 16 hours at 1173 K and 1073 K (900°C and 800°C) for the HEA2x and HEA5x sets of alloys, respectively. The samples were polished down to 1 lm Al 2 O 3 , and the micro-Vickers hardness was tested for 10 indents with a load of 1000 g and a hold time of 15 seconds on a Buehler MICROMET II. A Buehler HMV700 standard block for hardness was used to calibrate the machine.
III. RESULTS
In an effort to fully characterize the two sets of HEA alloys, several methods were employed, ranging from computational and thermodynamic predictions, to metallographic microstructural characterization and mechanical evaluation of the hardness of the alloys. The results are presented in the following sections. The results from the calculations of the HEA defining parameters for each alloy are compiled in Table II . The enthalpy of mixing DH mix was found to decrease with decreasing Nb content and increase with decreasing Co content while the entropy of mixing DS mix was found to decrease with decreasing Nb and/or Co content. Doubling the Fe content resulted in lower enthalpies of mixing and higher entropies of mixing in the HEA5x set of alloys. It should be noted that the various parameters calculated in Table II are used for classifying single phase, solid-solution HEAs only and are not likely to be directly applicable for use as a design tool for c/c¢ precipitation-strengthened HEAs. This is consistent with recent reports by Liu et al. [35] that revealed the inaccuracy of these parameters in Nb-containing CoCrFeNi HEAs where Laves phases precipitated. Due to the Laves phase exhibiting a high solubility for many of the constituent alloying elements, precipitation of the Laves phase serves to drastically alter the composition and corresponding chemistry and characteristic HEA defining parameters. In contrast, the intermetallic Ni 3 Al c¢ phase exhibits limited solubility for elements other than Ni and Al and precipitation of this phase does not drastically alter the overall chemistry of the c matrix phase as reported in many Ni-based superalloy systems. [27] Therefore, the values given here are for reference comparison to other classes of intermetallic and multi-phase HEAs such as those reported in Reference 12 and are not truly representative of the precipitation-strengthened microstructures obtained in this investigation.
B. Thermodynamic Predictions
The results of Thermo-Calc predictions for select alloys, using the compositions in Table I , are provided in Figure 1 . The database predicts a primarily c/c¢ structure, with the formation of the secondary phases, i.e., r, Laves, and NiAl, when g phase was suppressed from the calculations. Decreasing the Nb content was found to have a negligible effect on the predicted c¢ solvus temperature, Table III , meanwhile a decrease in the Co content by 10 at. pct resulted in an increase in the c¢ solvus temperature by~25 K and~180 K (25°C and 180°C) for the HEA2x and HEA5x alloys, respectively. Laves phase was eliminated with decreases of either Nb or Co, giving rise to higher c¢ volume fractions for the same heat treatment conditions. The predictions were significantly different when the Fe content was doubled in the HEA5x series. Increasing the Fe content resulted in the precipitation of a significant amount of Laves and NiAl phases. Higher Nb content promoted the formation of Laves phases, predicted in HEA20, HEA22, HEA24, HEA5x. Finally, decreasing the Nb and Co content resulted in a decrease in the solvus temperature of Laves and NiAl phases in HEA51 and HEA52. The highest Fe, Nb, Co-containing alloy, HEA50, was predicted to contain Laves and NiAl phases stable up to the melting temperature of the alloy.
One of the limiting design factors for HEAs is often related to their melting characteristics because of the high concentration of several elements. In these two sets of alloys, decreasing the Nb content from 4 to 3 at. pct was found to be beneficial to the increase of the incipient melting temperatures and liquidus temperatures. In the HEA2x alloys, the solidus and liquidus temperatures increased by~34 K and 17 K (34°C and 17°C), respectively. Similarly, decreasing the Co by 10 at. pct resulted in an increase in the predicted solidus temperature by~14 K (14°C) in the HEA2x alloys; however, the liquidus temperature remained relatively unchanged. Finally, doubling the Fe content in the HEA5x series should considerably lower the incipient melting and liquidus temperatures. Similar to the HEA2x series, decreasing the Nb and Co content contributes to increasing the solidus and liquidus temperatures.
C. Microstructures and Experimental Thermodynamic Properties
DSC experiments were conducted following arc-melting of the alloys and the results in the as-cast conditions are represented in Figure 2 along with respective SEM microstructure images. Additionally, the eutectic, solidus and liquidus temperatures extracted from the DSC measurements are compiled in Table IV . The experimental data also allow for verification of the accuracy of the thermodynamic predictions. Nb was found to influence the solidus-liquidus range as the lowest Nb-containing alloy, HEA21, presented solidus and liquidus temperatures of 1590 K and 1643 K (1317°C and 1370°C), respectively, values~20 K (20°C) above the those of HEA20, at 1570 K and 1625 K (1297°C and 1352°C), respectively. This confirms the trend observed in Figure 1 , where decreasing the Nb content resulted in an increase in the solidus and liquidus temperatures. Co, on the other hand, had an opposite effect as the solidus and liquidus temperatures decreased with decreasing Co concentrations which is in contradiction with the Thermo-Calc predictions. The changes were overall less significant than those associated with the Nb content. The effect of the Fe content, however, was inconsistent with the thermodynamic predictions as doubling the concentration of Fe did not seem to significantly influence the solidus and liquidus temperatures of the alloys, Table IV .
The eutectic phase present in all the alloys is shown in Figures 2(b) and (c). From alloy HEA20 that contains the highest amounts of Nb and Co, decreasing the levels of Nb and/or Co resulted in a decrease in the eutectic temperature from 1470 K to 1453 K (1197°C to 1180°C
) for alloy HEA23, Figure 2 (a) and Table IV . A similar observation was made for the HEA5x set of alloys. This correlates with the SEM images where less dendrites or a less dense dendritic structure were observed in samples containing lower Nb and/or Co concentrations, Figures 2(b) and (c). In addition, for both sets of HEA alloys, the eutectic temperature was found comparatively lower in samples where the Co content was decreased than those with less Nb. Overall, the eutectic temperatures of the HEA5x alloys, which contain 18 at. pct Fe, were significantly higher than those of the HEA2x series.
The microstructures of the HEA alloys post homogenization heat treatment are shown in Figure 3 . The homogenization times and temperatures were chosen from both the thermodynamic predictions and DSC measurements. Although the backscattered images revealed a successful homogenization treatment with no color gradient being observed that would originate from variations in composition, a small distribution of MC carbide phase remained within the microstructure of the HEA2x alloys (NbC from EDS measurements). Decreasing the overall Nb content from 4 at. pct to 3 at. pct in HEA20 to HEA21, respectively, resulted in a significant decrease in the fraction of carbides. The Co content was found to follow a similar trend, however, with a smaller effect than Nb. Finally, the HEA5x set of alloys, Figure 3 (b), possessed a significantly larger amount of a secondary phase which, from EDS measurements, could not be identified as NbC, but rather a M 2 Nb phase, Figure 4 and Table V. The cast structure seems to be saturated in all of the elements, except Al, in approximately equiatomic proportions; however, when the samples were homogenized, the Ni seemed to diffuse away, while Nb was absorbed. Intuitively, the lower Co content alloy, HEA52,~20 at. pct, as compared to~30 at. pct of the HEA50, had a lower overall content of the eutectic phase. Interestingly, these values are the nominal values of the Co content in the alloys. The microstructures of the HEA5x series are indicative of an incomplete homogenization process. According to the Thermo-Calc predictions, Figure 1 , 1473 K (1200°C) is already above the incipient melting temperature. However, according to the DSC results, 1473 K (1200°C) is below the eutectic temperature of the HEA5x series, Figure 2 and Table IV . Additionally, the Laves and NiAl phases are predicted to be stable up to the incipient melting temperature for alloy HEA50 and close for the other alloys in the HEA5x series. Consequently, the remaining phase is likely to be Laves and the calculated size and fraction in Table VI correlate well with the predictions of Figure 1 . Finally, heat treatment trials of the HEA5x series at 1493 K (1220°C) for 100 hours resulted in a significant degree of incipient melting. X-ray diffraction (XRD) patterns are presented in Figure 5 for representative samples of each series, namely alloys HEA20 and HEA50, following homogenization. The peaks in alloy HEA20, Figure 5 (a), were found to be consistent with that of a single phase FCC crystal structure, with no additional peaks that would suggest the presence of secondary phases. However, the high background noise, partially due to the fluorescence of Co, may have potentially obscured any existing low-fraction phases, such as the NbC. Figure 5( Table II , which has often been attributed to the formation of single phase FCC structures in high-entropy alloys. [36] The alloys were aged at various temperatures for 16 hours around the c¢ solvus temperature to determine the microstructures upon aging and assess the precipitate phase stability. Figure 6 shows the general microstructures of alloys HEA20 and HEA50 upon aging. After aging at 1173 K (900°C), Laves phase precipitates form in the matrix phase of HEA20, and significantly coarser precipitates can be seen upon aging at 1273 K (1000°C), where the precipitates constitute~13 pct of the phases present, Table VII. Similar Laves precipitates nucleate after aging at 1273 K (1000°C) for alloys HEA22 and HEA24, while HEA21 and HEA23 do not exhibit such precipitates upon aging at any of the conditions. Aging the HEA5x alloys above the c¢ solvus temperature results in the formation of a secondary distribution of smaller Laves phase, as well as a considerable amount of NiAl B2 precipitates that grow adjacent to the Laves phase. Interestingly, small NiAl precipitates were also observed in the 1073 K (800°C) aged sample at the primary Laves/c interface. On the HEA50 images of Figure 6 , two morphologies of Laves phase can be seen, the smaller plate/rod-shaped precipitates that formed upon aging and the larger blocky precipitates which are primary phases from the cast structure that remained undissolved during the homogenization treatment. The characteristic partitioning behavior of the constituent elements is shown in the elemental maps of Figure 7 . Figure 8 reveals a compilation of the aged microstructures for the HEA2x series of alloys. Upon aging at 1073 K (800°C) for 16 hours, fine c¢ precipitates were produced, with an average particle size of~40 nm, 
HEA20 -n/a 1.0 ± 0.1 4.7 ± 0.5 -n/a 0.1 ± 0.1 13.2 ±1.1 HEA22 -n/a n/a negligible -n/a n/a negligible HEA21 -n/a n/a n/a -n/a n/a n/a HEA24 -n/a n/a negligible -n/a n/a negligible HEA23 -n/a n/a n/a -n/a n/a n/a HEA50 7.6 ± 1.0 6.3 ± 0.1 1. Table VIII . Reducing the Co content from 30 to 20 at. pct, in HEA20 to HEA23, was not found to strongly influence the size of the c¢ precipitates. However, the precipitates in the lower-Co-containing alloy possess a more spherical morphology when compared to the c¢ particles present in the other alloys. Upon aging at 1173 K (900°C), the precipitates are more developed and have coarsened to comparable sizes for all of the HEA2x alloys. The number density of precipitates, and hence the volume fraction, was found to increase with decreasing Co levels. Additionally, alloys HEA20, HEA21, and HEA22 exhibit tertiary c¢ precipitates while HEA23 and HEA24 do not. Those are very small (typically below 15nm) precipitates that usually form during cooling from high temperature as the equilibrium Fig. 8 -Microstructures of the HEA2x alloys following aging at 1073 K, 1173 K, and 1273 K (800°C, 900°C, and 1000°C) revealing the c¢ precipitates. When present, the occurrence of additional phases observed at lower magnifications in the microstructure is noted and the fractions of the phases are listed in Table VII . c¢ volume fraction increases with decreasing temperature. Aging at 1273 K (1000°C) produced fine c¢ precipitate sizes, similar to the samples aged at 1073 K (800°C). However, the low-Co-containing alloy HEA23 possessed a bimodal c¢ distribution with large c¢ particles surrounded by finer precipitates. Figure 9 shows the aged microstructures of the HEA5x set of alloys where similar trends are observed. Interestingly, increasing the Fe content resulted in significantly finer c¢ precipitates with respect to the c¢ solvus temperatures 973 K (700°C )-aged HEA5x compared to 1073 K (800°C)-aged HEA2x and so forth), with more spherical morphologies as compared to the HEA2x set. Aging the HEA5x alloys at 973 K (700°C) resulted in very fine precipitate sizes on the order of 2 to 5 nm. Meanwhile, aging at 1173 K (900°C) produced a single phase c, with the exception of the low-Co-containing alloy, HEA52, which similarly to HEA23 had a bimodal distribution of fine and larger c¢ precipitates.
Additional DSC samples were prepared for each alloy in the as-aged condition at 1173 K (900°C) for the HEA2x series and 1073 K (800°C) for the HEA5x series, as those aging temperatures produced the largest c¢ precipitates and volume fractions. The results are shown in Figure 10 and Table IX . From the HEA2x curves in Figure 10 , the eutectic peak that was observed in Figure 2 is no longer present, indicating that the eutectic phase is completely removed upon solutioning. The eutectic peaks for the HEA5x alloys are still present and the depth of the peak is consistent with the amount of existing C14-Laves phase in each alloy. The solidus and liquidus temperatures of the alloys are relatively similar and within the error originating from analyses. The c¢ solvus peak is shown in Figure 10 and is consistent with the microstructure images of Figures 8 and 9 . Interestingly, the HEA2x series of alloys exhibited c¢ solvus temperatures~100 K (100°C) higher than that of the HEA5x alloys, suggesting that the higher Fe content significantly decreases the stability of the c¢ precipitates. Lowering the Co content resulted in an increase of the c¢ solvus temperature from 1224 K (951°C) (30 at. pct Co) to 1257 K (984°C) (20 at. pct Co), in HEA20 and HEA23, respectively. A similar trend can be observed in the HEA5x alloys, where a 10 at. pct increase in Co, HEA52 to HEA50, resulted in~50 K (50°C) decrease in c¢ solvus temperature. Increasing the Nb content was observed to exert a negligible effect on the c¢ solvus temperature considering the errors originating from the exact temperature determination.
D. Hardness
Micro-hardness measurements were performed on the 1173 K (900°C) aged HEA2x and 1073 K (800°C) aged HEA5x alloys, as these temperatures are approximately~60 K (60°C) below the respective c¢ solvus temperatures for each alloy set. The resulting aged microstructures correspond to the highest c¢ size distribution and volume fraction with no or negligible amounts of Laves or NiAl precipitates in the HEA2x series. The results are summarized in Figure 11 , along with the measured hardness of a commercially used, high strength, polycrystalline Ni-based superalloy RR1000 aged at 1033 K (760°C) for 16 hours [37] for reference. From Figure 11(a) , increasing the Nb content from 3 at. pct in HEA21 to 3.5 at. pct in HEA22, and finally 4 at. pct, in HEA20, resulted in a slight increase in the hardness from 396 HV to 413 HV and 418 HV, respectively. Meanwhile decreasing the Co concentration to 25 at. pct in HEA24, and 20 at. pct in HEA23, resulted in an increase in the hardness of the alloys to 437 HV and 450 HV, respectively. Similar trends were observed in the HEA5x series of alloys, where increases in the Nb level increased the hardness from 361 HV to 387 HV in HEA51 and HEA50, respectively. Stabilization of the c¢ precipitates via the reduction in Co content significantly increased the measured hardness to 434 HV in HEA52. Finally, increasing the Fe content of the alloy, from 9 at. pct in HEA2x to 18 at. pct in HEA5x, resulted in a decrease in the hardness by about 30 HV. The increase in hardness was also found to follow the measured c¢ volume fractions as represented in Figure 11(b) for the HEA2x set, while discrepancies were observed for the HEA5x alloys. Interestingly, despite the much lower c¢ volume fractions present in the HEA alloys, the average measured hardness corresponding to coarse grain RR1000 was in the same range of the low Co alloys, HEA23 HEA24 and HEA52. 
IV. DISCUSSION
Two sets of Nb-containing high-entropy alloys were designed to investigate the effects of Nb, Co, and Fe levels on precipitate formation and stability in the non-equiatomic Al-Co-Cr-Fe-Nb-Ni system. During the course of this investigation, it was noted that melting and solution heat treat practices are important when investigating high-entropy alloys as high concentrations of several elements give rise to high entropies of mixing. Consequently, many of these alloys are prone to the formation of non-equilibrium secondary phases during melting and/or solidification that can be difficult to remove. Starting from the as-cast condition in Figure 2 , the fraction of eutectic phase present was found to increase along with the Nb, Fe, and Co content. Consequently, these elemental additions were found to preferentially stabilize the eutectic phase and increase the eutectic temperature, Figure 2(a) . The eutectic phases in the HEA2x alloys were successfully solutioned away from the microstructure upon homogenization, but the eutectic phases in the HEA5x persisted even after the lengthy solution heat treatment. Comparison of the chemical analyses of the eutectic phases present in the as-cast and heat-treated microstructures of the HEA5x series of alloys, Table V, shows that the composition of the phases in these three alloys is nominally identical. Interestingly, although the Nb Fig. 9 -Microstructures of the HEA5x alloys following aging at 973 K, 1073 K, and 1173 K (700°C, 800°C, and 900°C) revealing the c¢ precipitates. When present, the occurrence of additional phases observed at lower magnifications in the microstructure is noted and the fractions of the phases are listed in Table VII . content in the alloys is less than or equal to 4 at. pct, the amount of Nb in the as-cast eutectic phase was measured at~18 at. pct. Therefore, this indicates that Nb preferentially partitions to and stabilizes the eutectic phase as observed in Figure 2(b) , where the highest Nb containing alloy showed the highest fraction of eutectic phase. Upon homogenization of the HEA2x series, the eutectic phase dissolved and only a small fraction of NbC particles remained in the otherwise single phase, c matrix, Figure 3(a) . The eutectic phase of the HEA5x series could not be fully dissolved in the homogenized microstructures of Figure 3(b) . This can be attributed to the high-Fe content, which appears to stabilize the eutectic phase and increases the eutectic temperature of the alloy, such that it almost coincides with the solidus temperature, Figure 2(a) . Furthermore, the higher Fe and Nb content considerably contributed to increasing the melt range of the alloys, Table X. Consequently, the eutectic phase becomes stable up to the melting temperature of the alloy and cannot be dissolved using solid-state diffusion-based processes, Figure 2(a) . Nevertheless, the eutectic phase of the HEA5x series was observed to transform into a Fe 2 Nb secondary precipitate phase of hexagonal crystal structure, known as C14 Laves, [38] following homogenization, Figure 5 . This transformation results in Nb partitioning to the precipitates and reducing the concentration of Ni, Table V . This secondary precipitate phase also has been reported to form in a number of other alloy systems, with chemistries such as Cr 2 Nb and Co 2 Nb, although with differing crystal structures, and can therefore be summarized as M 2 Nb in this alloy system, where M is Cr + Co + Fe, Table V . [39] [40] [41] [42] It should be noted that the Laves phase was somewhat lean in Nb, which can be attributed to the possible sampling of matrix as the precipitates were small in size. Another reason could be from elements having different site preference behaviors resulting in deviations from ideal stoichiometry when several elements form the phase. Due to the extensive diffusion and solute redistribution occurring during the homogenization treatment, the secondary M 2 Nb phase adopts a round morphology and becomes stable, as predicted by Thermo-Calc, Figure 1 . This is consistent with the as-cast structures of Figures 2(b) , (c) and 4, as well as the composition of the eutectic phase from Table V , where Nb (and Co to a smaller extent) was found to be a very potent eutectic stabilizer. Alloy HEA50, which contains the highest levels of Nb, Fe, and Co, exhibited the highest amount of M 2 Nb precipitates, stable up to the melting point of the alloy, Figure 1 , while HEA51, with identical Fe and Co content but the least amount of Nb, contained the least amount of Laves phase in the as-homogenized state of the HEA5x series, Figures 3(b) and 10. The relative fraction of eutectic and Laves phase in HEA52, which has the highest degree of Fe and Nb, but the lowest amount of Co is in between HEA50 and HEA51.
Aging of the two series of alloys resulted in various sizes, shapes, and fractions of precipitate phases that relate, in part, to the variation in Nb, Co, and Fe content, as observed in Figures 6, 7, 8 and 9 . As Nb and Co are the main constituent elements that form the Laves phase, when present in high contents these elements stabilize the C14 Fe 2 Nb Laves phase. Consequently, it follows that alloy HEA20 would be prone to the formation of Laves precipitates during aging at 1173 (900°C). When aged at 1273 K (1000°C), a noticeably higher fraction of Laves phase precipitates form, Figure 6 and Table VII. Reducing the overall concentration of Nb and Co would be expected to decrease the stability of Laves phase and this is consistent with the microstructural observations for HEA22 and HEA24 where negligible amounts of these precipitates are present upon aging at 1273 K (1000°C). Additionally, a further reduction in Co and Nb content, HEA21 and HEA23, results in the elimination of the Laves phases for all of the aging temperatures evaluated. These observations are in agreement with the thermodynamically predicted equilibrium of the system, Figure 1 ; however, a study of long-term exposure at temperature, past 16 hours, would be ideal in confirming the formation and stability of these phases as kinetic effects might have not permitted for the nucleation and growth of the phase. As previously noted, doubling the Fe content resulted in the formation of primary Laves phases during solidification, which cannot be solutioned during heat treatment. Upon aging at temperatures below the c¢ solvus, no significant differences in the size and fraction of the Laves phase were observed, Tables VI and VII; however, aging above the c¢ solvus frees up some of the Nb solute atoms present in the c¢ phase and led to the formation of a secondary distribution of Laves phase, Figure 6 . Since these Laves phase precipitates exhibit limited solubility for Ni and Al, these solutes are rejected and accumulate along the interface of the Fe 2 Nb precipitates, Table V , and this eventually leads to the formation of discrete B2-NiAl precipitates, Figures 6 and 7 . A minor fraction of these precipitates can also be observed on the primary Laves/c interface of the 1073 K (800°C) aged sample, as the kinetics at which Ni and Al solutes are rejected from the Fe 2 Nb phase are lower, and the formation of c¢ precipitates within the microstructure reduces the overall Al content.
Although the various Nb concentrations in the HEA20, HEA21, and HEA22 alloys only had a minimal effect on the c¢ solvus temperature, Table IX , the microstructures of the three alloys exhibited significant differences with regard to the precipitate size and fraction, Figure 8 and Table VIII . Decreasing the Nb content reduced the size and volume fraction of the precipitates. This can be attributed to the potency of Nb to form and stabilize the c¢ phase. [43] Changing the Co content on the other hand had a more significant effect on the solvus temperature of the precipitates and a 33 K (33°C) increase was observed for a 10 at. pct decrease in the Co content, Table IX. For example, alloy HEA23, which was one of the alloys containing the least amount of Co, formed a higher number density of c¢ precipitates than the 30 at. pct Co alloy, HEA20. Therefore, although lowering the Co content is expected to accelerate diffusive mechanisms and the coarsening kinetics of c¢ precipitates, [43] direct substitution for Ni atoms increases the thermal stability of the c¢ phase and the resulting increase in the c¢ solvus temperature observed in HEA23 was found to affect the driving force for the formation and growth of the c¢ precipitates, changing their equilibrium volume fraction and increasing nucleation rate. Due to this increase in number density of the c¢ precipitates, the c channels are narrower and more depleted in c¢ forming elements, as compared to the higher Co content alloys, HEA20-22, and consequently tertiary c¢ precipitates do not form in HEA23 and HEA24. Increasing the Co content also had an effect on the precipitate morphology, as the lower Co content alloy HEA23 had more spherical c¢ particles than HEA20, Figure 8 . Finally, Fe had the largest effect on the c¢ solvus temperature, as doubling the Fe content to 18 at. pct in the HEA5x series resulted in a~100 K (100°C) decrease, Figure 10 and Table IX . This can be attributed to the BCC crystal structure of Fe, which also tends to destabilize the precipitates, as they have an FCC-L1 2 type structure. In addition, the significantly smaller sizes of the c¢ precipitates in the high-Fe content alloys can also be attributed to the Nb atoms partitioning preferentially to the Fe 2 Nb phase and therefore not being available to stabilize the c¢ precipitates. With the c matrix less saturated in potent c¢ stabilizing elements, smaller c¢ in lower volume fractions form in the HEA5x series, Figure 9 , than in the HEA2x series, Figure 8 . Laves phase fractions were also noticed to correlate with c¢ volume fraction, as higher fractions of Laves phase effectively reduced the c¢ volume fraction. The aging study was performed using four temperatures on the 16-h isochrone. With each of the alloys possessing characteristic solvus temperatures of the c¢ precipitates, this study provided information pertaining to the kinetics associated with the formation, stability, and morphology of the c¢ phase. The difference in precipitate morphology between the samples aged at 1073 K and 1273 K (800°C and 1000°C), cuboidal and spherical, respectively, can be attributed to the precipitate formation temperature, or how the precipitates were formed. The c¢ solvus temperatures for the various alloys measured via DSC were all found to be below 1273 K (1000°C), Table IX . In general, these measurements were found to be consistent with the microstructures observed after aging for 16 hours at 1073 K, 1173 K and 1273 K (800°C, 900°C and 1000°C). For the HEA2x series of alloys, the fine c¢ precipitates observed in the 1273 K (1000°C) aged samples, Figure 8 , form during furnace cooling from the aging temperature, while the c¢ precipitates observed in the 1073 K and 1173 K (800°C and 900°C) aged samples form during the 16 hours isothermal heat treatment. The highest c¢ solvus alloy, HEA23 with a solvus temperature of 1257 K (984°C ), Table IX , exhibits a bimodal c¢ distribution. The large precipitates likely form during aging near the solvus temperature at 1273 K (1000°C), while the finer precipitates form upon cooling inside the furnace. In addition, HEA24, which had the highest c¢ solvus after HEA23, formed noticeably larger precipitates when compared to HEA20, due to the lower level of Co alloying present in the alloy. Similarly, in the HEA5x series, Figure 9 , the 973 K (700°C) aged samples have a distribution of very fine c¢ precipitates, on the order of 2-5 nm while those aged at 1173 K (900°C) have precipitates that are too fine to have any meaningful resolution from images taken using the FESEM. Due to the strong c¢ destabilizing effect of Fe, the c¢ solvus temperatures in the HEA5x series of alloys were all measured to be below 1173 K (900°C) at the exception of HEA52, Table IX . Referring to the aged microstructures shown in Figure 9 , it can be seen that c¢ precipitates formed during aging at 973 K and 1073 K (700°C and 800°C) while only a negligible fraction of barely resolvable precipitates formed during furnace cooling from 1173 K (900°C). Only HEA52 was observed to form c¢ precipitates at 1173 K (900°C) due to the higher solvus temperature associated with the reduction in Co, similar to that of HEA23. The overall finer size of the c¢ precipitates was likely attributed to the higher overall Fe content preferentially stabilizing the Laves and NiAl secondary phases over that of the c¢ phase.
The differences in the Vickers hardness measurements between the alloys, shown in Figure 11 , can be directly attributed to the differing amounts of Nb, Co, and Fe and also the volume fraction of the c¢ phase. Over the range evaluated, varying the level of Nb additions was found to have the least effect on the hardness, as reducing as much as 25 pct of the Nb content in the alloy, from 4 at. pct to 3 at. pct in HEA20 to HEA21, only resulted in a 20 HV difference. This can be attributed to the similarities in the microstructures between the two alloys with tertiary c¢ precipitates embedded in relatively wide c channels, Figure 8 . Increasing the Nb content resulted in a considerable increase in the c¢ volume fraction, Figure 11(b) ; however, this increase is related to the size of the precipitates rather than their number density, Table VIII and Figure 11(a) . Varying the Co content had a more pronounced effect on the hardness, as decreasing the 30 at. pct of Co, in HEA20, by 5 at. pct and 10 at. pct in HEA24 and HEA23, resulted in a 19 HV and 32 HV increase, respectively. Similarly, from the microstructures in Figure 8 , it would appear that even though the decrease in Co content resulted in finer c¢ precipitates, the number density of particles remained higher in HEA23 compared to HEA20. Consistent with fundamental theories on strengthening in crystalline metals and Ni-based superalloys, a greater density of precipitates provides more pinning sites that restrict dislocation motion, leading to increased strength. Therefore, a smaller increase in the c¢ volume fraction but higher number density resulted in a greater increase in hardness with lower Co contents as compared to the trend observed from the changes in Nb concentrations, Figure 11 (b). Finally, doubling the Fe content in the HEA5x alloys resulted in less stable c¢ precipitates, as discussed in earlier sections, resulting in considerably lower c¢ volume fractions and hardness values, when compared to those of the HEA2x series, Figure 11 . Even though the higher Fe-containing alloys contained remnant Laves (Co 2 Nb-type) phases following homogenization, a study on IN718 showed that the Ni 2 Nb precipitates had no effect on the hardness of the alloy; however, cracks tended to initiate in the precipitates during deformation. [44] As a relatively novel class of materials, thermodynamic databases for high-entropy alloys are under development and limited data on these innovative alloy systems exist in literature. Nevertheless, these alloys have been modeled using the TTNI8, database of the Thermo-Calc software. Using the nominal compositions of the HEAs, property diagrams of select alloys were provided in Figure 1 . Good agreement was found between the predictions and the experimental results as far as phase formation and general equilibrium trends, when g phase was removed from calculations. The liquidus temperatures of the two baseline alloys, HEA20 and HEA50, predicted in Figure 1 , at 1608 K and 1582 K (1335°C and 1309°C), respectively, are close to the experimental measured values of 1619 K (1346°C) for both alloys from DSC measurements, Table IX . Furthermore, stable c¢ phase formation was predicted with solvus temperatures of 1308 K and 1035 K (1035°C and 762°C) for HEA20 and HEA50 alloys, respectively. Although these values are relatively far from the experimentally determined values of 1224 K and 1123 K (951°C and 850°C), the predictions provide the same general trends with regard to Fe destabilizing the c¢ precipitates and significantly lowering the c¢ solvus temperature. In addition, the predictions of the c¢ solvus temperatures in Table III further support observations that the relatively small changes in Nb concentration do not affect the c¢ solvus temperature, while lowering the Co-content from 30 to 20 at. pct increases it significantly. Finally, the TTNI8 database accurately predicted the formation of Laves and NiAl phase in HEA2x and HEA5x series.
V. CONCLUSIONS
Based on the results and observations presented in this study, the following conclusions can be reported:
1. Nb and Fe stabilize the eutectic Laves phase. High concentrations of those elements in the composition of the alloys greatly affect the homogenization process as the eutectic temperature increases and the incipient melting temperature decreases. 2. The as-cast, arc melted ingot microstructures in the low-Fe content alloys were able to be fully homogenized while the microstructure of the high-Fe-containing alloys contained remnant eutectic phases which transformed into M 2 Nb C14 Laves phase following homogenization. 3. Over the range of compositions investigated, the Al-Co-Cr-Fe-Nb-Ni alloys of this investigation exhibited a classic c-c¢ microstructure characteristic of Ni-based superalloys with proper aging treatment. Nb additions are very potent c¢ phase stabilizers, and increasing the Nb content results in an increase in the size and fraction of the precipitates. On the other hand, Co additions serve to destabilize the c¢ phase and lowering the Co content increases the number density of the c¢ precipitates and their solvus temperature. 4. Elevated concentrations of Fe serve to destabilize the c¢ phase due to the presence of the Nb-rich Laves phase and tendency of Fe to form BCC structures. Additionally, NiAl was observed to form as Al segregation occurred along the Laves/c interfaces during aging. 5. The Nb additions increase the room temperature hardness of the alloys due to the higher fraction and size of the c¢ precipitates. Similarly, the highest room temperature hardness values were achieved by increasing the number density of the c¢ precipitates via reductions in the Co concentration. 6. Although the Thermo-Calc predictions using the TTNI8 database differed from the experimental data quantitatively, the predicted trends matched the observations from the experiments and further predictions should prove to be useful for design of HEA alloys.
